Optimal design equations for a parabolic canal section are presented in this paper. The design equations for a minimum earthwork cost section and a minimum cost lined section are in explicit form and result in optimal dimensions of a canal in single step computations. These have been obtained after applying the Fibbonaci search method on a nonlinear unconstrained optimization problem. The study also addresses the bounds on the canal dimensions and the velocity of flow. A nondimensional parameter approach has been used to simplify the analysis, and a set of graphs for nondimensional parameters are presented as an alternative for design. Design procedures for different cases have been presented to demonstrate the simplicity of the method.
Introduction
Networks of canals are used to convey, distribute, and apply water to the land. A canal in a network may be either unlined or lined. River beds, unlined canals, and irrigation furrows all tend to approximate a stable parabolic shape ͑Mironenko et al. 1984͒. Therefore, unlined canals can be made more hydraulically stable by initially constructing them in a parabolic shape. Because the channel side slopes along the cross section are always less than the maximum allowable side slope at the water surface, parabolic channels are physically more stable ͑Mironenko et al. 1984; Babaeyan-Koopaei et al. 2000; Babaeyan-Koopaei 2001͒ . A lined parabolic channel has no sharp angles of stress concentration where cracks may occur and can be prefabricated in molded sections. Small parabolic ditches can be constructed by bulldozers and other types of earth moving equipment ͑Mironenko et al. 1984͒ .
Irrigation canals are lined for several purposes ͑Swamee et al. 2000a͒. Lined canals are designed for uniform flow considering hydraulic efficiency, practicability, and economy ͑Streeter 1945͒. Factors to be considered in the design include: ͑1͒ the material forming the channel surface, which determines the roughness coefficient; ͑2͒ the minimum permissible velocity, to avoid deposition of silt or debris; ͑3͒ the limiting velocity, to avoid erosion of the channel surface; ͑4͒ the topography of the channel route, which fixes the channel bed slope; and ͑5͒ the efficiency of the channel section, which indicates how much the section is hydraulically and/or economically efficient ͑Chow 1973͒. A maximum hydraulic radius results in a section of minimum excavation area and the best hydraulic design.
Monadjemi ͑1994͒ and others ͑Froehlich 1994; Swamee 1995͒ presented a fundamental approach for determining the best hydraulic section based on Lagrange's method of undetermined multipliers. Loganathan ͑1991͒ proposed optimality for a parabolic canal design accounting for freeboard together with limitations on velocity and canal dimensions and presented results in a tabular form, which are inconvenient to use in designing canals.
When an open channel is constructed, the excavation and lining constitute a major cost. Obviously it is desirable to keep this cost at a minimum by adopting the most economical canal cross section. Explicit equations are not available for designing the minimum earthwork cost section and minimum cost lined section of a parabolic shape. Also, explicit equations are not available for setting bounds to the parabolic canal dimensions and the canal flow velocity. The present study is an attempt to address these design problems in parabolic canals.
Starting from the geometric properties of a parabolic section and the governing uniform flow equation, the optimization method for minimum area section has been described. The resultant optimal parameters have been obtained in a nondimensional form. The next section proposes design equations for the minimum cost parabolic section, which have been obtained by formulating a cost function involving earthwork cost and lining cost. The optimization problem, involving a nonlinear cost function with the nonlinear equality constraint, has been converted into an unconstrained optimization problem in nondimensional form and minimized using the Fibbonacci search. The bounds on the canal dimensions and the velocity of flow have also been treated. The proposed design equations have been obtained in explicit form through minimization of errors or regression analysis. Finally, a step-by-step design procedure with design examples and limitations of the method is presented.
Geometric Properties of Parabolic Section
A parabolic canal ͑Fig. 1͒ is described by
in which Yϭordinate; Xϭabscissa; and aϭparameter. The flow area A͑m 2 ͒ of a parabolic canal section is computed as
where yϭflow depth ͑m͒; and Tϭtop width of the canal at the water surface ͑m͒, given by
in which zϭside slope at Y = y. The perimeter P ͑m͒ is obtained by integrating length ds of the parabola as
Alternatively, Eq. ͑4͒ can be expressed as
where f z , which is a function of z only, is given by
ͪͬ ͑6͒

Optimal Canal Section
A lined canal section is designed for uniform flow. The most commonly used uniform flow formula is the Manning equation ͑Chow 1973͒. The uniform flow rate or discharge Q ͑m 3 /s͒ in a canal by Manning's equation is
where Vϭmean velocity of uniform flow ͑m/s͒; Rϭhydraulic radius ͑m͒, defined as the ratio of flow area to the flow perimeter; nϭManning's roughness coefficient; S f ϭenergy slope ͑dimensionless͒; and S o ϭbed slope of the canal ͑dimensionless͒. For uniform flow, S f = S o . In the Manning's formula, all the terms except n can be directly measured. The roughness coefficient is a parameter representing the integrated effects of the channel crosssectional resistance. The selection of a value of n is subjective, based on experience and engineering judgment. Chow ͑1973͒ lists values of n for different conditions of a canal.
Classical Optimal Section
The classical optimal section is the best hydraulic section which has the maximum flow velocity or the minimum flow area and wetted perimeter for a specified discharge and canal bed slope. Mathematically, it can be stated as
Because a parabolic canal is completely described by two independent variables y and z, applying Lagrange's method of undetermined multipliers ͑Kreyszig 2001͒:
where ϭundetermined multiplier. Eliminating from Eqs. ͑9a͒ and ͑9b͒:
‫ץ‬A ‫ץ‬y
From Eq. ͑9c͒:
Using Eqs. ͑11a͒ and ͑11b͒ in Eq. ͑10͒:
Substituting A from Eq. ͑2͒ and P from Eq. ͑4͒ in Eq. ͑12͒:
and simplifying:
͑14͒
Solving by trial and error:
where superscript ‫ء‬ ϭoptimum value. The optimal values of the other parameters are found using Eq. ͑15͒ in Eqs. ͑2͒-͑4͒: A * = 1.37067y 2 ; T * = 2.056y; P * = 2.9985y Х 3y ͑16͒ 
Nondimensionalization of Parameters
Assuming a length scale L ͑m͒:
͑17͒
the following nondimensional variables have been defined:
Using Eqs. ͑2͒, ͑4͒, ͑7͒, and ͑17͒:
͑19͒
and solving for y:
Lf z 1/4 ; ͑20a͒
Substitution of y from Eq. ͑20a͒ in Eqs. ͑2͒, ͑3͒, ͑5͒, and ͑7͒ have yielded:
f z 5/4 ; ͑21c͒
The nondimensional expressions for the depth of flow ͓Eq. ͑20b͔͒, the flow area ͓Eq. ͑21a͔͒, the top width ͓Eq. ͑21b͔͒, the wetted perimeter ͓Eq. ͑21c͔͒, and the uniform velocity ͓Eq. ͑21d͔͒ are only a function of the side slope z. Graphical representation of the preceding equations can be used to obtain the values of these nondimensional parameters for a wide range of z. Using the equations, a set of graphs have been plotted for variations in y * , T * , P * , and V * with z, as shown in Fig. 2 .
Nondimensional Optimal Parameters
Substituting the value of z * from Eq. ͑15͒ in Eqs. ͑20b͒ and ͑21͒, the following nondimensional optimal values of other parameters have been obtained: y ‫ء‬ * = 1.08055; A ‫ء‬ * = 1.60036; T ‫ء‬ * = 2.22161;
Minimum Cost Canal Section
Although the best hydraulic section has the minimum flow area and the minimum wetted perimeter, it is not necessarily the most economical section. The design of a minimum cost canal section involves minimization of canal section cost subject to flow requirements. Earthwork Cost. The cost of earthwork depends on the volume and depth of cut and fill. It also depends on the strata to be excavated and the distance of haulage if required in transporting the soil materials. For a canal section with the normal water surface at the average ground level as shown in Fig. 1 , the earthwork cost C e ͑monetary unit per unit length, e.g., $/m͒ could be given ͑Chahar 2000; Swamee et al. 2000a by
Canal Section Cost
where c e ϭcost per unit volume of earthwork at ground level ͑$/m 3 ͒; c r ϭadditional cost per unit volume of excavation per unit depth ͑$/m 3 /m of depth͒; and ȳϭdepth ͑m͒ of the centroid of the area of excavation from the ground surface ͑ȳ =2y / 5 for a parabolic section͒. It was assumed in Eq. ͑23͒ that the cost per unit volume of excavation is a linear function of the depth of excavation.
Lining Cost. Lining of an existing canal is found to be prohibitive because of the increased cost of lining material and construction and the restriction on closure of the canal. If the lining is envisaged in the planning stage, a smaller cross section can be adopted and the lining could be justified from an economic point of view. Assuming the cost per unit surface area of lining c l ͑$/m 2 ͒ independent of the depth of placement, the cost of lining C l ͑$/m͒ for the flow section would be
Unit Length Canal Section Cost. Adding Eqs. ͑23͒ and ͑24͒, the cost of a parabolic canal per unit length C ͑$/m͒ has been obtained as
Flow Requirements
This analysis assumes that a lined canal sustains a uniform flow through it. Manning's equation, Eq. ͑7͒, as an equality constraint function, may be used to provide uniform flow condition in the canal. Also, the design of a canal section must take into account the minimum permissible velocity, the limiting velocity, and the freeboard. The minimum permissible velocity or nonsilting velocity is the lowest velocity that will not initiate sedimentation and will not allow the growth of vegetation. Sedimentation and growth of vegetation decrease the carrying capacity and increase the maintenance cost of a canal. In general, an average velocity of 0.6-0.9 m/s will prevent sedimentation when the silt load of the flow is low, and a velocity of 0.75 m/s is usually sufficient to prevent the growth of vegetation ͑Chow 1973͒. Hence, the minimum permissible velocity V min ͑m/s͒ can be assumed in the range from 0.75 to 0.9 m/s. Higher velocities are desired in lined ͑or rigid boundary͒ canals to reduce costs. However, high velocities may cause scour and erosion at the boundaries of the canal. In lined canals, the maximum permissible velocity or the limiting velocity V L ͑m/s͒ that will not cause erosion depends on the lining material. Swamee et al. ͑2002͒ and Bureau of Indian Standards ͑1982͒ list limiting velocities for different types of linings.
Design Method
The cost of canal construction in an irrigation project is a major cost item, and maximum economy is usually achieved by constructing minimum cost canal sections assuming there are no other costs such as pumping or loss of small hydro. As stated earlier, the design of a minimum cost canal section involves minimization of canal section cost subject to the uniform flow condition. Essentially, it is a problem of minimization of a nonlinear objective function subject to a nonlinear equality constraint. The problem of determination of a minimum cost canal section has been formulated as
Using the length scale L, the following nondimensional cost variables have been defined:
As c e / c r and c l / c e have length dimensions ͑m͒, they remain unaffected by the monetary unit chosen. These ratios can be obtained for various types of linings and soil strata using appropriate unit rates ͑Swamee et al. 2000b͒. Using Eqs. ͑26͒ and ͑27͒, the determination of the optimal canal section shape in nondimensional form becomes
Solving Eq. ͑28b͒ for y * and then substituting its value in Eq. ͑28a͒:
͑29͒
This is a nonlinear unconstrained optimization problem in a single variable z. Using the Fibbonacci search ͑Bazaraa and Shetty 1979͒, the optimal values of z can be obtained for wide ranges of nondimensional cost variables. The cost and constraint functions as well as the optimization algorithm have been developed in dimensionless form. The methodology can be extended for different or more extensive sets of input and/or design variables.
Minimum Earthwork Cost Canal Section
A canal passing through hard/firm strata may be kept unlined, but it is designed as a rigid boundary channel. Sometimes canals are lined with low cost lining materials, in which case the cost of the earthwork is more significant than the cost of the lining. Neglecting the lining cost, the application of the optimization algorithm with input variables 0 ഛ c r * ഛ 20 has yielded a large number of optimal sections. The variations in the optimal side slope, depth of flow, and cost with c r * have been plotted as symbols in Fig. 3 . Fig. 3 also shows the regressed curves for each case, and it can be seen that the regressed curves almost represent the variation in these parameters ͑correlation coefficientϭ0.999͒. The equations of these regressed curves for the optimal parameters of a parabolic canal are as follows: An examination of Fig. 3 or the optimal design equations, Eqs. ͑30a͒ and ͑30b͒, shows that the side slope of the optimal section increases and the normal depth of the optimal section decreases with the increase in additional cost of excavation with canal depth. Accordingly, the optimal section is wider and shallower than the minimum area section. Also, the optimal dimensions are very sensitive for c r L / c e Ͼ 1.
Minimum Cost Lined Section
In most cases canals are lined, and the cost of lining and earthwork constitutes the total canal section cost. Application of the optimization algorithm with input variables c r * ഛ 20 c l * has yielded a large number of optimal sections. An analysis similar to that of Chahar ͑2000͒ of these optimal sections has led to the following empirical equations for the parabolic canal:
These equations have been obtained by conceiving an appropriate functional form and then minimizing errors between the optimal values and the computed values from the conceived function with coefficients. For c r = 0, Eqs. ͑31a͒ and ͑31b͒ reduce to equations for the minimum area section viz. Eqs. ͑15͒ and ͑22͒.
Eqs. ͑30a͒-͑30c͒ give nearly exact solutions and Eqs. ͑31a͒-͑31c͒ give close approximations within the practical limits. Alternatively, y can be determined exactly using Eq. ͑20a͒ once the side slope is fixed by Eqs. ͑30a͒ or ͑31a͒, because it is a function of z only. Then, C can be arrived at exactly with the help of Eq. ͑25͒.
Bounds on Canal Dimensions or Velocity
Thus far in the analysis, it has been assumed that the depth and the top width are unconstrained. However, in practice, limits are encountered on y ͑i.e., y ഛ y L ͒ due to the existence of unfavorable strata and/or groundwater at a shallow depth and on T ͑i.e., T ഛ T L ͒ due to restrictions on the span of bridges and cross drainage works, the width of right of way, etc. Sometimes the side slope is chosen based on the angle of repose of material for better stability or for vehicles to cross the channel during no-flow periods ͑i.e., z ജ z L ͒. The variables with subscript L denote their limiting value. Due to constraints on canal dimensions, the minimization problem becomes a nonlinear optimization problem with equality and inequality constraints. In general, a nonlinear optimization problem with equality and inequality constraints is difficult to solve because an equality constraint may make the constraint region nonconvex. Because the side slope parameter z is the governing parameter for a parabola, the optimization process will drive z toward the optimal section, but this could be prevented by the constraints on the depth of flow or on the top width, i.e., by y L or T L . The constraints on canal dimension become effective only if y L Ͻ unconstrained y * , or T L Ͻ unconstrained T * , or z L Ͼ unconstrained z * . Otherwise, the prescribed bound on a particular parameter will be nonbinding; hence, the parameter as well as the remaining parameters will attain their unconstrained optimal values. The imposition of constraints y L or T L restrains the parabola in achieving the most preferred z value for that discharge, and it is forced to attain the z values as permitted by the limiting y L or T L . For example, if y L is binding ͑i.e., y L Ͻ unconstrained y * ͒, the optimal value of depth of flow equals its bound ͑i.e., y * = y L ͒ and the top width must be large enough to permit the design discharge to pass through the optimal area. For any known y, determination of T is not straightforward, because it is a function of z as given by Eq. ͑21b͒ and z is implicitly involved with y, as shown by Eq. ͑20b͒. Plotting Eq. ͑20b͒ for z as a dependent variable and then using regression: log z * = 2.9493 − 8.3568y ‫ء‬ * + 8.3924y ‫ء‬ *2 − 3.1972y ‫ء‬ *3
͑32͒
Similarly, if T L is binding ͑i.e., T L Ͻ unconstrained T * ͒, the optimal value of top width equals its bound ͑i.e., T * = T L ͒ and the depth of flow must be large enough to permit the design discharge. Solving Eq. ͑21b͒ for z using curve fitting:
Many times the value of z is fixed if the side slope is chosen based on the angle of repose of material for better stability or for vehicles to cross the channel during no-flow periods. In such situations, z becomes binding ͑i.e., z * = z L ͒ and the depth of flow has to be modified ͓using Eq. ͑20a͔͒ to carry the design discharge.
Practically, restrictions can be imposed on the velocity of flow as well ͑i.e., V min ഛ V ഛ V L ͒. A classical optimal section yields the greatest flow velocity V max for a given discharge, which also implies that the specification of a velocity larger than the velocity in a classical optimal section ͑i.e., V L Ͼ V max ͒ will result in infeasibility for that discharge. Therefore, the bound on velocity becomes effective if V L Ͻ unconstrained V * . If the velocity is binding ͑i.e., V L Ͻ unconstrained optimal velocity͒, then V * = V L and there will be two candidate cross sections, because the flow area increases in either direction ͑i.e., for increasing and decreasing values of z͒ from z = 0.514. Solving Eq. ͑21d͒ for z using regression yields log z * = 5. 
͑35͒
for z Ͼ 0.514. As both sections have the same flow area, the wider of the two sections ͑i.e., z Ͼ 0.514͒ is preferred if an increase in earthwork cost with depth of excavation is the primary interest, while the narrower section ͑i.e., z Ͻ 0.514͒ is selected if such a cost is ignored and freeboard is to be provided. Once the side slope is fixed based on the appropriate binding case, other parameters can easily be determined, because they are function of z only. This can be accomplished by using Eqs. ͑20b͒ and ͑21b͒-͑21d͒ or by using Fig. 2 .
Approximate Perimeter
When z ജ 1 or 0Ͻ 4y / T ഛ 1, Eq. ͑4͒ can satisfactorily be approximated ͑Chow 1973͒ to
Therefore:
for the approximate perimeter case. Using f z from Eq. ͑37͒ in Eqs. ͑20b͒ and ͑21b͒-͑21d͒, a set of graphs have been plotted for variations in y * , T * , P * , and V * with z as shown in Fig. 4 for the approximate perimeter. Substituting the values from Eqs. ͑2͒ and ͑36͒ in Eq. ͑12͒:
͑39͒
Substituting the value of z * from Eq. ͑39͒ in Eqs. ͑20b͒ and ͑21b͒-͑21d͒ yields the nondimensional optimal values of other parameters as while those for a minimum cost lined section are
for the approximate perimeter case. These equations reduce to the corresponding equations for the minimum area section for c r =0. The approximate perimeter can be used when z ജ 1. Eq. ͑39͒ shows this using the approximate perimeter, z * = 0.707, for a classical optimal section. This implies that it is not appropriate to use the approximate perimeter in arriving at a best hydraulic section. Similarly, the binding constraints on the top width should not be dealt within an approximate perimeter because such constraints become effective only if z Ͻ 0.707. However, the bounds on the depth of flow are binding if z Ͼ 0.707; hence, the approximate perimeter can safely replace the exact perimeter, and in this range the regressed relation is log z * = 3.0224 − 9.0446y ‫ء‬ * + 10.1101y ‫ء‬ *2 − 4.3718y ‫ء‬ *3
͑43͒
The assumption of an approximate perimeter is appropriate in dealing with the bounds imposed on the velocity of flow in the region z Ͼ 0.707. In this region the following regressed equation, which results in a wider section than a classical optimal section, is obtained:
log z * = 4.7213 − 19.2026V ‫ء‬ * + 33.4530V ‫ء‬ *2 − 24.6559V ‫ء‬ *3
͑44͒
As with the exact perimeter case, the other parameters can be determined using Eqs. ͑20b͒ and ͑21b͒-͑21d͒ or by using Fig. 4 .
Optimal Design Procedure, Examples, and Discussion
Based on the presented equations, a rigid boundary optimal parabolic channel section can be designed by adopting the following steps: 1. Choose n for a particular type of lining. 2. For a given set of data ͑Q and S o ͒ and chosen n, find L using Eq. ͑17͒.
3. Use of the appropriate optimal design equation for a particular optimization case ͑minimum area, minimum earthwork cost, or minimum cost lined section͒ results in the optimal canal side slope. 4. Using the optimal side slope, the remaining geometrical parameters in nondimensional form can be obtained with help of Eqs. ͑20b͒ and ͑21b͒-͑21d͒ or using Fig. 2 . If there is no bound on canal dimension or velocity, then skip Steps 5-7. 5. Using L and given bounds on "canal dimension" or velocity, find the corresponding nondimensional parameter. Compare this nondimensional parameter with the corresponding optimal nondimensional parameter as determined in Step 4. If it becomes a binding parameter, then it should be adopted as an optimal parameter. 6. Using the adopted optimal parameter, determine z by Eqs. ͑32͒-͑35͒ depending upon the binding case. Alternatively, read out the value of z corresponding to the binding parameter from Fig. 2 . 7. Once the side slope is fixed based on the appropriate binding case; the remaining geometrical parameters in nondimensional form can be obtained with the help of Eqs. ͑20b͒ and ͑21b͒-͑21d͒ or with the addition of Fig. 2 . 8. Use of L and nondimensional parameters yields corresponding parameters for the optimal parabolic canal. 9. For the designed section, the average flow velocity V can be obtained by Eq. ͑2͒, i.e., V = Q / A, or with the help of Fig. 2 or Eq. ͑21d͒. This velocity should be greater than the nonsilting velocity but less than the limiting velocity V L . 10. If V is greater than V L , redesign the section with revised bed slope or surface roughness. 11. Find the minimum cost for the optimal section using the appropriate optimal cost equation ͓say, Eqs. ͑30c͒ or ͑31c͔͒ for the case in hand. Alternatively, the cost of the section can be obtained from the cost function Eq. ͑25͒ once the section dimensions are decided.
Example 1
Design an optimal parabolic canal to carry a discharge of 50 m 3 /s on a longitudinal bed slope of 0.001. 
Solution
Example 2
Redesign a minimum cost parabolic canal section for the similar data if: ͑1͒ only earthwork cost is considered; and ͑2͒ earthwork and lining costs are taken into account. Take c l / c e ϭ13.0 m, and c e / c r ϭ7.0 m.
Discussion
The cost function includes a depth-dependent excavation cost and the lining cost, assuming the water surface is at the average ground level. This assumption also implies that the canal bed is parallel to the average ground level so grading is not required and hence the cost function does not include this cost. For the canals in cutting, the earthwork and lining costs for the section above the water surface can easily be incorporated into the cost function by including the excavation area and the lined perimeter in place of the flow area and the wetted perimeter. The earthwork costs for canals in embankments or filling needs different treatment. The present worth of any cost item can be incorporated in the corresponding nondimensional cost.
To simplify the design problem, freeboard has not been included in the optimization scheme. The required freeboard may be provided over the optimal section or the optimal section may be designed for an increased discharge, leaving a margin for the freeboard, but such a section deviates from the least cost section. However, including a depth-dependent freeboard in the optimal problem formulation, the present method can be extended for designing an optimal canal section considering freeboard.
Furthermore, permissible velocities are not taken as constraints in the optimization scheme. Steep and smooth boundary channels may result in high average velocities. The average velocity in the designed section should be checked with the permissible velocities. If it is greater than the limiting velocity, then it is necessary to use a canal route with a smaller bed slope, adopt a flatter bed slope with drops, build two smaller canals, select a superior lining material having a higher limiting velocity, or use a lining material with a larger roughness. These options result in a larger value for the length scale and hence lower velocity.
Loganathan's ͑1991͒ tabular results are inconvenient to use. Direct optimization procedures require a considerable amount of programming and computation. In comparison, the proposed design equations ͓e.g., Eqs. ͑30a͒-͑30c͔͒ are in explicit form and hence result in optimal design variables in single step computations. Eqs. ͑30a͒-͑30c͒ give nearly exact solutions, while ͑Eqs. ͑31a͒-͑31c͒ give close approximations in the range c r * ഛ 20 c l *. This range covers most of the practical cases. However, Eqs. ͑31a͒-͑31c͒ should not be used if c r * ജ 20 c l *. Also, the optimal dimensions are very sensitive when c r * Ͼ 1 in minimum earthwork cost canal section.
The presented equations apply only in the design of nonerodible ͑i.e., rigid boundary͒ channels. For erodible channels, the principle of tractive force must be used to determine an efficient section.
It can be seen from the design examples that for z Ͼ 1 the approximate expression for the perimeter closely replaces the exact expression and for a large side slope ͑z Ͼ 2͒ both expressions yield identical results.
Conclusions
A direct optimization procedure may be adopted for the minimum cost parabolic canal sections, but they require a considerable amount of programming and computation. Using the results of a direct optimization procedure and error minimization or regression analysis, generalized explicit equations can be obtained for designing minimum earthwork cost and minimum cost lined sections of a parabolic shape. Similar equations can be obtained for bounds on canal dimensions and velocity of flow in the canal. The presented equations are convenient to use in the optimal design of a parabolic canal, because they result in canal dimensions in single step computations. The approximate perimeter assumption is not appropriate for a classical optimal parabolic section.
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Notation
The following symbols have been used in this paper:
A ϭ flow area of canal ͓m 2 ͔; C ϭ cost per unit length of canal ͓$/m͔; C e ϭ cost of earthwork per unit length of canal ͓$/m͔; C l ϭ cost of lining per unit length of canal ͓$/m͔; c e ϭ cost per unit volume of earthwork at ground level ͓$/ m 3 ͔ c l ϭ cost per unit surface area of lining ͓$/m 2 ͔ c r ϭ increase in unit excavation cost per unit depth ͓$/m 4 ͔ f z ϭ function of z ͓dimensionless͔; L ϭ length scale ͓m͔; n ϭ Manning's roughness factor ͓dimensionless͔; P ϭ flow perimeter of canal ͓m͔; Q ϭ discharge ͓m 3 /s͔; R ϭ hydraulic radius ͓m͔; S f ϭ energy or friction slope ͓dimensionless͔; S o ϭ bed slope of canal ͓dimensionless͔; T ϭ top width at free water surface ͓m͔; V ϭ average velocity ͓m/s͔; X ϭ horizontal axis; Y ϭ vertical axis; y ϭ normal depth of flow in canal ͓m͔; z ϭ side slope of canal ͓dimensionless͔; ϭ equality constraint ͓dimensionless͔; and $ ϭ monetary unit.
Subscripts
‫ء‬ ϭ nondimensional; and L ϭ limiting value.
Superscripts
‫ء‬ ϭ optimal.
